Abstract. Hepatitis C virus (HCV) E2 protein binds to CD81, which is a component of the B cell co-stimulatory complex. The E2-CD81 interaction leads to B cell proliferation, protein tyrosine phosphorylation and to the hypermutation of immunoglobulin genes. Epidemiological studies have reported a high prevalence of B cell non-Hodgkin lymphoma (NHL) in HCV-positive patients, suggesting a potential association between HCV and Epstein-Barr virus (EBV) in the genesis of B lymphocyte proliferative disorders. In the present study, in order to investigate the association between EBV and HCV in B cells, we created an in vitro EBV-induced B cell transformation model. CD81 was gradually overexpressed during transformation by EBV. B cells isolated from HCV-positive patients grew more rapidly and clumped together earlier than B cells isolated from healthy donors following EBV infection. Pre-stimulation of CD81 expressed by resting B cells with anti-CD81 monoclonal antibody (mAb) or HCV E2 accelerated the generation of lymphoblastoid cell lines (LCLs) by EBV infection. These cells proliferated prominently through the early expression of interleukin-10 and intracellular latent membrane protein (LMP)-l. By contrast, the overexpression of CD81 on EBV-transformed B cells by anti-CD81 mAb or HCV E2 protein induced apoptosis through reactive oxygen species (ROS)-mediated mitochondrial dysfunction. These results suggest that the engagement of CD81 expressed by B cells has differential effects on B cell fate (proliferation or apoptosis) according to EBV infection and the expression level of CD81.
Introduction
CD81, also known as target of antiproliferative antibody 1 (TAPA-1), is a component of the B cell co-stimulatory complex. This complex consists of CD19, CD21 and interferon-inducible Leu-13 (CD225) (1) . The simultaneous stimulation of this complex and the B cell receptor (BCR) by antigens magnifies signal transduction and increases B cell proliferation (2, 3) . CD19 and CD21 are expressed exclusively on B cells, whereas CD81 and CD225 are widely expressed on immune cells (T, B and NK lymphocytes, monocytes and eosinophils), hepatocytes and on most stromal and epithelial cells (4) . Genetic defects in CD81 disrupt CD19 complex formation and lead to antibody deficiency syndromes (5) . CD19 expression and B cell activation by T cell-dependent antigens are also impaired in CD81-knockout mouse models (6, 7) .
Hepatitis C virus (HCV) is a positive-stranded RNA Hepacivirus in the Flaviviridae family (8) . HCV infection is associated with chronic liver diseases, such as chronic hepatitis, cirrhosis and hepatocellular carcinoma (HCC). HCV infection is also an important cause of autoimmune disease, type II mixed cryoglobulinemia (MC) and non-Hodgkin lymphoma (NHL) (9) (10) (11) . Viral envelope proteins are composed of the heavily glycosylated envelope proteins, E1 and E2 (12) . The large extracellular loop (LEL) of CD81 binds to the E2 dimer of HCV (13) . The E2 glycoprotein of HCV is, therefore, the target of neutralizing antibodies as the N-terminal ectodomain of E2 possesses the entry determinants for infection of the host cell (14) . However, neutralizing antibodies against E2 are strain-specific and are modulated by a complex interplay between hypervariable regions (HVR)1 and 2 (15) .
Although certain epidemiological and experimental studies have suggested an etiopathogenetic role for HCV and EpsteinBarr virus (EBV) infection in B cell NHL pathogenesis, the distinct contribution of these two viruses to the progression of B cell NHL remains unclear and controversial (16, 17) .
Lymphocytes from HCV-positive patients have been shown to express CD81 at significantly higher levels than lymphocytes from controls (18) . CD81 has also been shown to play a role in the infection of primary human hepatocytes by serum-derived HCV (19) . CD81 expression in B cells has been suggested to be involved in chronic antigenic stimulation related to HCV infection (20) . B cells have been shown to be susceptible to HCV, and direct HCV infection through CD81 on B cells has been proposed as a possible cause of NHL (21, 22) . However, the binding of the E2 protein of HCV alone is insufficient to explain the function of CD81 expressed by mature B cells. CD81 engagement in B cells triggers the Raf/MEK/ERK signaling pathway that appears to be important for cell proliferation and survival (23) . Furthermore, E2-CD81 engagement protects primary human B lymphocytes (PHB) from apoptosis through the phosphorylation of IκBα and the increase in the expression of anti-apoptotic Bcl-2 family proteins (24) .
Although previous studies have demonstrated the proliferative effects of the CD81-HCV E2 interaction on resting B cells, the role of this interatction in EBV infection and transformation remains unclear. The effects of CD81 overexpression on B cells also remain controversial. Previously, we reported that EBV has the unique ability to transform resting B cells into lymphoblastoid cell lines (LCLs) in vitro (25, 26) . In the present study, we aimed to elucidate the effects of CD81 on resting and activated B cells. For this purpose, we upregulated the expression of CD81 in B cells by EBV infection and stimulated the cells with anti-CD81 monoclonal antibodies (mAbs) or HCV E2 protein, leading to a change in the effects of CD81 on B cells during the transformation process.
Materials and methods
Ethics statement. Informed consent for the present study was obtained from all participants and the study was approved by the Institutional Bioethics Review Board of the Medical College of Inje University, Busan, Korea (#12-238).
Cells, antibodies and reagents.
To establish EBV-transformed B cells, peripheral blood mononuclear cells (PBMCs) were obtained from the blood of 7 healthy human volunteers and 7 patients with chronic HCV by Ficoll-Paque density gradient centrifugation (GE Healthcare Biosciences, Pittsburgh, PA, USA). B cells were purified from the PBMCs using the MACS B cell isolation kit and the MACS separator (both from Miltenyi Biotec, Bergisch Gladbach, Germany). Mouse anti-human CD81 mAb (5A6) for stimulation experiments was purchased from BD Biosciences (San Jose, CA, USA). FITC-conjugated anti-CD81 mAb (#551108), PE-conjugated anti-CD20 antibody (#346595), Fas (CD95) antibody (#555674), Fas ligand (CD178) antibody (#12-9919-42) and PE-conjugated anti-latent membrane protein (LMP)-1 antibody (#550018) for FACS analysis were purchased from BD Biosciences. Recombinant purified HCV E2 protein was produced using the pCMVdhfr-E2 plasmid (a gift from Dr Chang-Yuil Kang, Seoul National University, Seoul, Korea) according to the protocol descrbied in the study by Heo et al (27) . 2' ,7'-Dichlorofluorescin diacetate (DCFH-DA) and 3,3'-dihexyloxacarbocyanine iodide (DiOC 6 ) were purchased from Molecular Probes (Eugene, OR, USA). N-acetylcysteine (NAC), N-benzyloxycarbonyl-ValAla-Asp-fluoromethylketone (Z-VAD-fmk, 20 µM in DMSO, a broad spectrum caspase inhibitor), N-benzyloxycarbonylAsp-Glu-Val-Asp-fluoromethylketone (Z-DEVD-fmk, 20 µM in DMSO, a caspase-3 inhibitor), and N-benzyloxycarbonylIle-Glu-Thr-Asp-fluoromethylketone (Z-IETD-fmk, 20 µM in DMSO, a caspase-8 inhibitor) were purchased from Calbiochem (San Diego, CA, USA).
Generation of EBV-transformed B cells and analysis of
phenotype. EBV stock was prepared from an EBV-transformed B95-8 marmoset cell line (a gift from Dr B.G. Han, National Genome Research Institute, National Institute of Health, Seoul, Korea). To establish an EBV-infected B cell line from the PBMCs, 10 ml of peripheral blood were collected from 7 healthy human donors and 7 patients with chronic HCV. The characteristics of the patients with HCV are presented in Table I . Qualitative and quantitative PCR analyses for HCV RNA were evaluated with Amplicor HCV version 2.0 (Roche Molecular System, Pleasanton, CA, USA). HCV genotypes were determined by reverse hybridization (INNO-LiPA, Innogenetics, Ghent, Belgium). The B cells were purified from the PBMCs using the MACS B cell isolation kit and a MACS separator (Miltenyi Biotec). The purified B cells were added to EBV stock supernatant in a culture flask, and following 2 h of incubation at 37˚C, an equal volume of RPMI-1640 medium (HyClone, Logan, UT, USA) containing 10% fetal bovine serum (HyClone) and 1 µg/ml of cyclosporine A (Sigma-Aldrich, St. Louis, MO, USA) were added (1x10 6 cells/ml). The cultures were incubated for 2-4 weeks until clumps of EBV-infected B cells were visible and the medium had turned yellow, as previously descrbied (25, 26) . The phenotype of EBV-transformed B cells was monitored each week by flow cytometric analysis and a confocal laser-scanning microscope (510 META; Carl Zeiss, Oberkochen, Germany) at x400 original magnification using FITC-conjugated anti-CD81 and PE-conjugated anti-CD20 mAbs (BD Biosciences).
M onitoring the ch a nges in the m orph olog y of EBV-transformed B cells pre-stimulated with CD81.
For CD81 pre-stimulation with antibody, the purified resting B cells were suspended in 100 µl PBS and incubated with anti-CD81 mAb (BD Biosciences; 5A6, 10 µg/ml) or an isotype control antibody (MOPC21; IgG1κ; 10 µg/ml; Sigma-Aldrich) at 37˚C for 30 min. The incubated cells were washed in PBS and resuspended in 100 µl PBS and then incubated with goat anti-mouse IgG (2 µg/ml; Sigma-Aldrich) for 15 min at 37˚C. The purified resting B cells were also cultured in RPMI-1640 medium supplemented with HCV E2 protein (2 µg/ml) or serum obtained from patients with HCV (diluted 1/20). CD81-prestimulated B cells were added to EBV stock supernatant in a culture flask, followed by 2 h of incubation at 37˚C. We then generated EBV-transformed B cells as described above. Cell aggregation and clumping of the B cells following EBV infection were measured at the indicated time points (days 2 and 4, and weeks 1, 2, 3 and 4) under a microscope.
Measurement of the proliferation of EBV-transformed B cells.
B cells from healthy donors or patients with HCV were stimulated with anti-CD81 antibody (10 µg/ml) or HCV E2 protein (2 µg/ ml) prior to EBV infection. At 2 weeks after EBV infection, the EBV-transformed B cells from healthy donors or patients with HCV (2x10 4 cells/well) were harvested and cultured in RPMI-1640 medium containing 10% FBS in 96-well flat bottom plates. After 48 h, cell proliferation was measured using the alamarBlue assay (AbD Serotec, Raleigh, NC, USA). The alamarBlue reagent was added (10% by volume) to each well and relative fluorescence was determined 7 h later using a fluorometer (Synergy HT; Bio-Tek Instruments, Inc., Winooski, VT, USA; excitation, 530 nm; emission, 590 nm). The purified naïve B cells and B cells stimulated with anti-CD81 mAb were also cultured under the same conditions as the controls (untreated cells). All experiments were performed in triplicate, and the relative fluorescence number used was the mean fluorescence determined for each culture. Data are expressed as the means ± standard deviation (SD) and analyzed using the Student's t-test. A p-value <0.05 was considered to indicate a statistically significant difference.
Detection of EBV-induced protein and interleukin (IL)-10
mRNA and protein expression. To measure the intracellular expression levels of LMP-1, LMP-2A, Epstein-Barr virus nuclear antigen (EBNA)-1, EBNA-2, EBNA-3A and IL-10 in B cells during EBV transformation, the cells and culture media were harvested each week to measure the LMP-1 and IL-10 expression levels for 4 weeks. The cells were then permeabilized with permeabilization buffer (0.1% saponin; Sigma-Aldrich, in PBS) for 5 min. The cells were washed twice in PBS following centrifugation (400 x g, at 4˚C for 5 min), and cell pellets were stained with PE-conjugated anti-LMP-1 or IL-10 antibodies for 30 min at 4˚C. Following 3 washes, the cells were fixed in 4% paraformaldehyde solution (Sigma-Aldrich) for 10 min. Expression levels were determined using a FACSCalibur flow cytometer (BD Biosciences). To detect EBV proteins by western blot analysis, B cells were harvested at 2 and 4 weeks following transformation with EBV. The cells (2x10 6 cells/sample) were pelleted and lysed in RIPA buffer (Elpis-Biotech, Inc., Daejeon, Korea). Proteins (20 µg/sample) were immediately heated for 5 min at 100˚C. Total cell lysates were subjected to SDS-PAGE on gels containing 15% (wt/vol) acrylamide under reducing conditions. Anti-LMP-1 antibody for western blot analysis was purchased from Abnova (Taipei, Taiwan). Anti-EBNA-1 antibody was purchased from Thermo Fisher Scientific, Inc., (Pittsburg, PA, USA). Anti-EBNA-2 and anti-LMP-2A antibodies were purchased from Santa Cruz Biotechnology, Inc., (Santa Cruz, CA, USA). To measure the mRNA and protein expression levels of IL-10, B cells isolated from healthy donors were stimulated with anti-CD81 mAb prior to EBV infection. Mouse anti-human CD19 mAb (BD Biosciences) was used as a positive control. The EBV-transformed B cells were harvested each week to determine the intracellular IL-10 levels. Total RNA from the EBV-transformed B cells was isolated at the indicated time points using an RNeasy Mini kit (Qiagen, Hilden, Germany). The RNA was reverse transcribed into cDNA using oligo(dT) primers (Bioneer Corp., Daejeon, Korea) and reverse transcriptase. PCR amplification was performed using specific primer sets (Bioneer Corp.) for human IL-10 (upstream primer, 5'-CTG AGA ACC AAG ACC CAG ACA TCA AGG and downstream primer, 5'-GTC AGC TAT CCC AGA GCC CCA GAT CCG; 327-bp product). As a control, a primer set specific for β-actin (upstream primer, 5'-ATC CAC GAA ACT ACC TTC AA and downstream primer, 5'-ATC CAC ACG GAG TAC TTG C) was used. PCR (25 cycles; 20 sec at 94˚C, 10 sec at 60˚C, 30 secs at 72˚C) was performed using AccuPower PCR PreMix (Bioneer Corp.). PCR products were analyzed by agarose gel electrophoresis and visualized with ethidium bromide under UV light using the Multiple Gel DOC system (Fujifilm, Tokyo, Japan). Densitometry was performed using Multi Gauge version 2.3 software (Fujifilm). The culture supernatant from EBV-transformed B cells stimulated with anti-CD81 mAb or serum derived from HCV patients (diluted 1/20) was harvested at 1, 2 and 4 weeks to detect IL-10 level. IL-10 protein was detected and quantified using the Single-Analyte ELISArray kit (Qiagen, Hilden, Germany). MOPC, the isotype control, and healthy donor serum were used as controls.
Induction and detection of CD81-mediated apoptosis.
Four weeks following infection, the EBV-transformed No patients had a prior history of interferon treatment for chronic hepatitis C. Detection limit of qualitative PCR analysis is 50 IU/ml. Dynamic range of quantitative PCR analysis is 600-500,000 IU/ml. Biopsy results are tabulated on the Metavir scoring system for fibrosis staging. All dates are presented in the format of day/month/year. ALT, alanine aminotransferase; IU, international units; F0, portal inflammation without fibrosis; F2, portal fibrosis with rare septa; F3, numerous septa without cirrhosis; SVR, sustained viral response; M, male; F, female.
B cells (1x10 6 cells/ml) were harvested and washed twice in cold PBS. The cells were resuspended in 100 µl PBS and incubated with anti-CD81 mAb (10 µg/ml; BD Biosciences) or the isotype control antibody (MOPC, Sigma-Aldrich, 10 µg/ml) at 37˚C for 30 min. The cells were washed in PBS and resuspended in 100 µl PBS and then incubated with goat anti-mouse IgG (Sigma-Aldrich; 2 µg/ml) for 15 min at 37˚C. Following stimulation with antibody, the cells were washed and then cultured in RPMI-1640 medium at 37˚C. For stimulation with recombinant HCV E2 protein, the EBV-transformed B cells (4 weeks following infection, 1x10 6 cells/ml) were resuspended in 100 µl PBS and incubated with HCV E2 protein (1 µg/ml) at 37˚C for 1 h. Following incubation, the cells were harvested and washed twice with PBS and resuspended in 100 µl of 1X binding buffer (10 mM HEPES/NaOH, pH 7.4; 140 mM NaCl; 2.5 mM CaCl 2 ). Apoptosis was then determined using an FITC Apoptosis Detection kit (BD Biosciences) according to the manufacturer's instructions. To detect the subG1 peak, the cells were harvested following treatment, washed twice in PBS (2% FBS), fixed with 70% cold aqueous ethanol, and stored at 4˚C for at least 24 h. The cells were washed twice in PBS following centrifugation (400 x g, at 4˚C for 5 min), and cell pellets were stained with propidium iodide (PI; Sigma-Aldrich) staining solution containing RNase A (10 µg/ml) and PI (10 µg/ml) in PBS. The cell suspension was then incubated in the dark at room temperature for 30 min, and the DNA content was determined using a FACSCalibur flow cytometer (BD Biosciences).
Measurement of mitochondrial membrane potential (∆ψm) and reactive oxygen species (ROS) levels.
To determine whether CD81-induced apoptosis is related to the disruption of ∆ψm and ROS production, we measured the ∆ψm and ROS levels in the EBV-transformed B cells following CD81 cross-linking. The EBV-transformed B cells (1x10 6 cells/well) were pre-treated with 10 µM DCFH-DA for 30 min to measure the ROS levels. To measure ∆ψm, the cells were collected and pre-incubated in 100 µl PBS containing 20 µM DiOC 6 at 37˚C for 15 min, and the cells were then washed twice with cold PBS and treated with mouse-anti-human CD81 mAb or HCV E2 protein for 3 h at 37˚C. The cells were then harvested at various time points (0, 10, 20, 30 min, 1, 2 and 3 h) and washed 3 times with cold PBS. The ROS levels and ∆ψm were determined using a FACSCalibur flow cytometry (BD Biosciences). To determine whether CD81-induced apoptosis is related to mitochondrial dysfunction, the EBV-transformed B cells (1x10 6 cells/ml) were pre-incubated for 30 min with 300 µM antimycin A (Sigma-Aldrich), a mitochondrial complex III inhibitor. The cells were then washed with PBS and treated with mouse anti-human CD81 mAb (10 µg/ml) or MOPC (10 µg/ml) for 1 h at 37˚C. The cells were then washed twice with PBS and incubated for 1 h (5x10 5 cells/well). The apoptotic rate, ROS production and ∆ψm were analyzed using a FACSCalibur flow cytometer (BD Biosciences).
Inhibition of apoptosis.
To investigate the effects of caspase inhibitors and ROS, the EBV-transformed B cells were treated with Z-VAD-fmk, Z-IETD-fmk, Z-DEVD-fmk (20 µM in DMSO; Calbiochem), or NAC for 2 h prior to stimulation with the antibodies. The cells were incubated with anti-CD81 mAb (10 g/ml; BD Biosciences) at 37˚C for 40 min followed by cross-linking with goat anti-mouse IgG (2 µg/ml; Sigma-Aldrich) for 15 min at 37˚C. The inhibitory effects of caspase inhibitors or NAC on the apoptosis of EBV-transformed B cells were detected by Annexin V, DCFH-DA and DiOC 6 staining as described above. To block the Fas-FasL interaction, antagonistic anti-Fas antibody (ZB4; Abcam, Cambridge, MA, USA, 0.5 µg/ml) was added 1 h prior to treatment with anti-CD81 mAb. ZB4 was removed from the cell cultures prior to stimulation with anti-CD81 mAb. Apoptosis was determined by flow cytometry following staining with Annexin V (BD Biosciences).
Confocal microscopy to detect apoptosis-related intracellular molecules. The EBV-transformed B cells were first cross-linked with anti-CD81 mAb and then secondary antibodies to induce apoptosis. To detect intracellular apoptosis-related molecules, teh cells were permeabilized with permeabilization buffer (0.1% saponin in PBS). The cells were incubated with primary antibodies against cytochrome c (mouse IgG2b; Santa Cruz Biotechnology, Inc., Dallas, TX, USA), apoptosis-inducing factor (AIF; mouse IgG2b; Santa Cruz Biotechnology, Inc.) and then FITC-conjugated goat anti-mouse IgG (Sigma-Aldrich) for 30 min. Nuclei were stained with PI for 10 min at room temperature. Following 3 washes with PBS, the cells were mounted on microscopic slides under coverslips using fluorescence mounting medium (DakoCytomation, Glostrup, Denmark). Fluorescence-stained cells were examined under a confocal laser-scanning microscope (510 META; Carl Zeiss) at x400 original magnification and images were acquired using confocal microscopy software release 3.0 (Carl Zeiss).
Western blot analysis of apoptosis-related proteins. Following stimulation as described above, the EBV-transformed B cells were pelleted and lysed in RIPA buffer (Elpis-Biotech, Inc.). Proteins (10 µg/sample) were immediately heated for 5 min at 100˚C. Total cell lysates (5x10 6 cells/sample) were subjected to SDS-PAGE on gels containing 15% (wt/vol) acrylamide (Sigma-Aldrich) under reducing conditions. Separated proteins were transferred onto nitrocellulose membranes (Millipore, Billerica, MA, USA), and membranes were blocked with 5% skim milk followed by commercial western blot analysis. Chemiluminescence was detected using an ECL kit (Amersham Biosciences, Pittsburgh, PA, USA) and the Multiple Gel DOC system (Fujifilm). The following primary antibodies were used: caspase-8, caspase-3, caspase-9, β-actin, phosphorylated (p-)ERK1/2, ERK1/2, p-Akt (Ser473), Akt, p-JNK (Thr183/Tyr185), JNK and poly(ADP-ribose) polymerase (PARP) from Cell Signaling Technology, Inc., (Danvers, MA, USA) and p-c-Jun and c-Jun from Santa Cruz Biotechnology, Inc.
RT-PCR to detect apoptosis and anti-apoptosis-related molecules. Following stimulation as described above, total RNA was isolated using the RNeasy Mini kit (Qiagen). RNA was reverse transcribed into cDNA using oligo(dT) primers (Bioneer Corp.) and reverse transcriptase. PCR amplification was performed using specific primer sets (Bioneer Corp.) for Bcl-2 (upstream primer, 5'-GGA TTG TGG CCT TCT TTG AG-3' and downstream primer, 5'-CAG CCA GGA GAA ATC AAA CAG-3'; 209-bp product), Bax (upstream primer, 5'-CCA AGA AGC TGA GCG AGT GT-3' and downstream primer, 5'-CAG CCC ATG ATG GTT CTG AT-3'; 250-bp product), and Bad (upstream primer, 5'-CGA GTG AGC AGG AAG ACT CC-3' and downstream primer, 5'-CTG TGC TGC CCA GAG CTT-3'; 299-bp product). As a control, a specific primer set for β-actin (upstream primer, 5'-ATC CAC GAA ACT ACC TTC AA-3, downstream primer, 5'-ATC CAC ACG GAG TAC TTG C-3') was used. PCR (25 cycles; 20 sec at 94°C, 10 sec at 60˚C, 30 sec at 72˚C) was performed using AccuPower PCR PreMix (Bioneer Corp.). PCR products were analyzed as described above.
Statistical analysis. The cell proliferation or mean fluorescence intensity (MFI) data are expressed as the means ± standard error of the mean (SEM) from representative experiments. All data shown were confirmed by at least 3 independent experiments and are representative of at least 3 different experiments. The data were compared by one-way analysis of variance (ANOVA) using SPSS software for Windows, version 20.0 (SPSS Inc., Chicago, IL, USA). A p-value <0.05 was considered to indicate a statistically significant difference.
Results

EBV infection enhances CD81 expression in resting B cells.
CD81 (TAPA-1) is expressed on the surface of most cells in the body, including B cells throughout their cellular differentiation (1). Resting B lymphocytes from peripheral blood were harvested to evaluate the changes in CD81 expression by flow cytometry and confocal microscopy each week for 4 weeks following EBV infection. The expression of CD81 was slightly increased at 1 week following infection; however, the expression of CD81 was not altered in the second and third weeks compared with resting B cells. Of note, the MFI of CD81 in EBV-transformed B cells was increased by approximately 5-fold compared to the resting B cells at 4 weeks following EBV infection (Fig. 1A and B) . These changes in the expression pattern of CD81 in the EBV-infected B cells during the transformation process was also detected by confocal microscopy (Fig. 1C) . These results suggest that the expression of CD81, which is expressed constitutively on mature B cells, may be increased during the late stages of EBV transformation. (28) . CD81 expression is also significantly higher in lymphocytes from HCV-positive patients than those from controls (18) . In this study, to investigate the effect of stimulation with CD81 on the proliferation of EBV-transformed B cells, B cells isolated from normal healthy donors or HCV-positive patients were infected with EBV. A total of 7 healthy donors and 7 patients with chronic HCV infection were selected and examined. The clinical and virological characteristics of the patients with chronic HCV are presented in Table I . Early signs of EBV-induced transformation (cell aggregation, increased cell size and a sudden increase in growth) were observed in the B cells isolated from HCV-positive patients 4 or 5 days following EBV infection. In addition, there was an increase in the number and size of B cell aggregations in the cells isolated from HCV-infected patients compared with the B cells isolated from the normal controls ( Fig. 2A) . To determine whether HCV infection influences EBV-induced B cell transformation, we stimulated the B cells from healthy donors with anti-CD81 mAb, HCV E2 protein, or serum from HCV-positive patients prior to EBV infection. Notably, all the EBV-induced transformation processes in the B cells pre-stimulated with anti-CD81 mAb, HCV E2 protein, or serum from HCV-positive patients occurred much more rapidly than those in the control cells (Fig. 2B-D) . The alamarBlue proliferation assay revealed that the proliferation rate of the B cells isolated from HCV-positive patients (p=0.00037, healthy donor PBMCs vs. HCV patient PBMCs), or CD81-prestimulated B cells from healthy donors (p=0.00089, healthy donor B cells stimulated with isotype control antibodies and EBV vs. healthy donor B cells stimulated with HCV E2 protein and EBV) was significantly enhanced at 2 weeks following EBV infection (Fig. 2E and F) . These results suggest that HCV infection affects the transformation and proliferation of B cells following EBV infection.
CD81 pre-stimulation promotes the proliferation of B cells following EBV infection through the early induction of EBV-induced protein and IL-10 expression. EBV-induced protein expression is upregulated following EBV infection.
LMP-1 of EBV has been shown to induce the expression of a number of important cellular genes that have profound effects on cellular growth (29) . In this study, to investigate the effects of CD81 stimulation on the proliferation of EBV-transformed B cells, we examined intracellular EBNA-1, EBNA-2, EBNA-3A, LMP-1 and LMP-2A expression in the EBV-transformed B cells. LMP-1 expression in EBV-infectedcells from HCV-positive patients was significantly higher than that in healthy donor B cells (Fig. 3A) . Pre-stimulation of CD81 with serum from obtained HCV-positive patients, HCV E2 protein, or anti-CD81 mAb accelerated the expression of LMP-1 in comparison with the respective controls (Fig. 3A) . We also performed western blot analyses to determine the expression of EBV-induced proteins, which are involved in immortalization and growth. CD81 stimulation with anti-CD81 mAb, HCV E2 protein, or serum obtained from HCV-positive patients prior to EBV infection induced the early and high expression of EBV-induced EBNA-1, EBNA-2, EBNA-3A, LMP-1 and LMP-2A compared with that of the control group at 2 weeks. EBNA-1, LMP-1 and LMP-2A expression was maintained at significantly high levels following CD81 stimulation at 4 weeks (Fig. 3B) .
The expression of LMP-1 induces the expression of human IL-10 in transfected sublines of the EBV-negative DG75 and BL41 cell lines, and IL-10 can also induce the expression of LMP-1 in B lymphocytes and in Burkitt's lymphoma (30, 31) . Next, we examined the effects of CD81 stimulation on IL-10 production by EBV-transformed B cells. The IL-10 level was measured following CD19 stimulation with anti-CD19 mAb in EBV-transformed B cells. Pre-stimulation of CD81 with anti-CD81 mAb promoted the intracellular IL-10 expression at an earlier time point in the EBV-transformed B cells than in the unstimulated cells (Fig. 4A) . We also observed that human IL-10 mRNA expression and protein secretion increased rapidly in the EBV-transformed B cells following pre-stimulation of CD81 (Fig. 4B and C) . These results suggest that the stimuli associated with CD81 signaling induces the early expression of EBV-induced proteins, and that the increased IL-10 protein expression facilitates the survival and proliferation of EBV-transformed B cells.
ROS and caspases contribute to the apoptosis of EBV-transformed B cells following the induction of the overexpression of CD81.
The above-mentioned results indicated that CD81 was upregulated by EBV infection. In addition, B cells pre-stimulated with various CD81 stimuli proliferated more rapidly following EBV infection than the healthy donor B cells through the production of LMP-1 and IL-10. However, the overexpression of CD81 by EBV-transformed B cells through stimulation with HCV E2 protein or anti-CD81 mAb inhibited cell proliferation (data not shown). In addition, we observed that the IL-10 mRNA level decreased abruptly at 3 or 4 weeks following CD81 stimulation, and the intracellular IL-10 protein level also dropped (Fig. 4A, lowest panel; Fig 4B, lowest lane) . To investigate whether the overexpression of CD81 affects B cell survival and apoptosis, B cells transformed with EBV for 4 weeks and overexpressing CD-81 were stimulated with anti-CD81 mAb or HCV E2 protein. This induced the apoptosis of the EBV-transformed B cells. In addition, cell cycle analysis revealed that the stimulation with anti-CD81 mAb or HCV E2 resulted in a significant increase in the subG1 arrest of EBV-transformed B cells (Fig. 5A) .
We then examined whether this CD81-mediated apoptosis is related to ROS production and the disruption of Δψm, as caspases and ROS are important mediators of apoptosis following cross-linking with antibodies (32) . The induction of the overexpression of CD81 on EBV-transformed B cells resulted in the immediate generation of ROS, it increased the number of Annexin V-positive apoptotic cells, and disrupted Δψm (Fig. 5B) . The EBV-transformed B cells were preincubated with a pan-caspase inhibitor, Z-VAD-fmk, or a ROS quencher, NAC, for 2 h prior to CD81 stimulation with anti-CD81 mAb. Z-VAD-fmk and NAC significantly decreased CD81-dependent apoptosis and ROS generation by blocking the disruption of Δψm (Fig. 6A) . In addition, treatment with antimycin A (300 µM), a mitochondrial complex III inhibitor, also completely blocked the apoptosis of EBV-transformed B cells induced by the enhanced expression of CD81 (Fig. 6B) . These results suggest that CD81-mediated apoptosis in EBV-transformed B cells may be related to ROS generation and may be dependent on the disruption of Δψm.
CD81-mediated apoptosis of EBV-transformed B cells is mediated by the translocation of mitochondrial proteins.
Based on our observation that Z-VAD-fmk, a pan-caspase inhibitor, incompletely blocked CD81-mediated apoptosis, we investigated whether the apoptosis mediated by the overexpression of CD81 is related to individual caspase activity and other apoptotic proteins released from the mitochondria. The EBV-transformed B cells were incubated with the caspase-8 inhibitor, Z-IETD, or the caspase-3 inhibitor, Z-DEVD, for 2 h prior to CD81 stimulation. Pre-treatment with Z-IETD partially reduced CD81-mediated apoptosis; by contrast, pretreatment with Z-DEVD completely blocked CD81-mediated apoptosis (Fig. 7A) . We subsequently examined the expression of the cleaved forms of caspase-8, caspase-3 and PARP by western blot anlaysis. The EBV-transformed B cells stimulated with anti-CD81 mAb exhibited cleaved PARP and generated the active cleaved forms of caspase-3 (17/19-kDa fragments), indicating the induction of apoptosis. However, 41/43-kDa fragments corresponding to the initial form of caspase-8 were observed. The untreated or NAC pre-treated EBV-transformed B cells only expressed precursor proteins (Fig. 7B) . Thus, we performed confocal microscopy analysis using anticytochrome c antibody to determine the apoptotic proteins released from the mitochondria. Stimulation with anti-CD81 mAb caused the translocation of cytochrome c from the mitochondria to the cytosol in the EBV-transformed B cells. By contrast, treatment with Z-VAD-fmk and NAC prior to stimulation with anti-CD81 mAb almost completely blocked the release of cytochrome c from the mitochondria (Fig. 7C) . These results suggest that the CD81-mediated signal results in the release of apoptotic molecules, mainly from the mitochondria and the activation of the caspase-3 pathway.
JNK-associated Bcl-2 pathway is involved in CD81-mediated apoptosis.
To investigate the mechanisms responsible for the apoptosis mediated by the overexpression of CD81, we examined certain candidate signaling molecules by RT-PCR for the detection of RNA derived from EBV-transformed B cells. Bax, Bad and Bcl-2 mRNA was constitutively expressed in the EBV-transformed B cells, but CD81 cross-linking increased the mRNA expression of Bax and Bad, which are known pro- apoptotic genes (Fig. 8A, 1st and 2nd panels from the top) . By contrast, the expression of Bcl-2, an anti-apoptotic gene, was decreased by CD81 stimulus (Fig. 8A, 3rd panel from the top) . NAC almost completely blocked the CD81-mediated changes in the expression levels of apoptosis-associated genes (Fig. 8A,  lane 4) . However, the broad-spectrum caspase inhibitor, Z-VAD-fmk did not inhibit the CD81-mediated upregulation of Bax and Bad in the EBV-transformed B cells. To elucidate the identity of the upstream proteins in the CD81-mediated mitochondrial apoptotic pathway, we examined the expression levels of JNK, c-Jun, ERK1/2 and Akt, which mediate signaling to members of the Bcl-2 family (33, 34) . CD81 stimulation upregulated the expression of the phosphorylated form of JNK and its major substrate, the phosphorylated form of c-Jun (Fig. 8B , panels 5 and 7 from the top), whereas it decreased the expression of the phosphorylated forms of ERK1/2 and Akt relative to the control cells (Fig. 8B, panels 1 and 3 from the top). NAC almost completely blocked the CD81-mediated changes in the phosphorylation of the kinases (Fig. 8B, lane 5) . These results suggest that the apoptosis-associated genes of EBV-transformed B cells, stimulated by CD81, are regulated by MAPK signaling.
Discussion
Although previous studies have confirmed the specificity of binding between E2 and CD81, these studies were not able to fully explain the effect of overexpressed CD81 on EBV-transformed B cells (35, 36) . In this study, the pattern of CD81 expression in EBV-infected B cells during transformation remained unaltered for the first 3 weeks; however, there was a rapid increase in CD81 expression at the fourth week following EBV infection. Resting peripheral blood B cells stimulated with HCV envelope protein E2, as well as anti-CD81 mAb exhibited an enhanced proliferation and transformation following EBV infection. By contrast, the induction of the overexpressin of CD81 on EBV-transformed B cells induced apoptosis and increased the subG1 peak in cell cycle analysis. Previous studies have demonstrated that the multimeric engagement of CD81 is required for the activation of resting B cells (28) and for the protection of primary human B lymphocytes from Fas-mediated apoptosis (24) . However, the results of our study suggest that CD81 signaling is transmitted through different mechanisms in resting B cells and EBV-transformed B cells (Fig. 9) .
CD81 is a cellular ligand for E2 that is expressed by most human cell types, but not by red blood cells or platelets (13) . It is known that this complex reduces the threshold for B cell activation via the BCR by bridging Ag-specific recognition and CD21-mediated complement recognition (2, 37) . A statistically significant increase in CD81 expression has been observed on lymphocytes and monocytes from HCV-positive patients as compared with healthy controls (18) . The engagement of CD81 has been shown to result in an increased percentage of B cells expressing the early activation marker, CD69, the transferrin receptor, CD71, and the co-stimulatory molecule, CD86 (28) . For these reasons, in this study, B cells derived from patients with HCV were pre-activated chronically compared with the cells from normal healthy donors. We also observed that the EBV transformation process of B cells isolated from HCV-positive patients occurred more rapidly than that of B cells isolated from normal controls in this study. In addition, the proliferative activity of the EBV-transformed B cells isolated from HCV-positive patients surpassed that of the normal controls. This acceleration of the EBV transformation process also occurred in healthy donor B cells that were stimulated with serum obtained from HCV-positive patients, HCV E2 protein, or anti-CD81 mAb prior to EBV infection. However, we could not exclude the possibility that contamination with other blood components had occurred in the stimulation with serum obtained from HCV-positive patients. Thus, anti-CD81 mAb was used for CD81 stimulation in the experiment shown in Fig. 5 and thereafter .
In previous studies, it has been observed that the time required for EBV transformation is shortened by CD19 crosslinking through earlier intracellular LMP-1, EBNA-1 and EBNA-2 expression than in the controls (38) , and that EBV infection induces the expression of LMP-1, which promotes B cell immortalization (39) . The upregulation of constitutive nuclear factor NF-κB, as well as CD30, CD40, tumor necrosis factor (TNF)-α, and Notch1 interactions contributes to these processes (30) . CD81 signaling of resting B cells was accelerated during transformation into EBV-induced lymphoblastoid B cells in this study. We observed that EBV-specific proteins (LMP-1, LMP-2A, EBNA-1, EBNA-2 and EBNA-3A) and human IL-10 expression increased during the early period of the EBV transformation of CD81 pre-stimulated B cells compared with the unstimulated controls. EBNA-1 and EBNA-2 are required for B cell immortalization. LMP-1 is a direct target of EBNA-2 (40). CD19 and BCR ligation has been demonstrated to increase the mRNA expression of EBNA-1 and EBNA-2 in the early stages of infection (38) . For these reasons, we hypothesized that EBNA-2 may be a more important factor than EBNA-1. However, CD81 stimulation significantly increased and maintained EBNA-1 expression levels compared with EBNA-2 and EBNA-3A in EBV-transformed B cells. These results suggest that proliferation and EBV transformation are accelerated through different mechanisms by CD81 signaling prior to EBV infection and that CD81 signaling is initiated and maintained by HCV infection in vivo.
Both EBV and HCV bind to the same cell surface protein complex to deliver stimulatory signals to B cells. This complex contains CD21 which binds EBV, and CD81 which binds E2 (13) . In a previous study, EBV was detected in 37% of HCC cases in Japan and EBV DNA is also frequently found in cases with HCV (41). However, another group reported that of 31 HCC cases, none were positive for EBV while 10 (32%) tested positive for HCV and 12 (38%) tested positive for hepatitis B virus (HBV) (42) . These data suggest that EBV infection may cooperate with HCV infection; however, the association between these two viruses needs to be investigated further.
In patients chronically infected with HCV, the cell surface tetraspanin CD81 is overexpressed by different PBMC subtypes compared with healthy controls. CD81 expression by PBMCs, including CD4 + , CD8 + , CD19
+ and CD56 + cells, has been shown to be downregulated during interferon α-based antiviral therapy (43) . In a prevoius study, patients with splenic lymphoma with villous lymphocytes and HCV infection who were treated with interferon α-2b went into remission after the loss of detectable HCV RNA (44) . In another study, cross-linking of CD81 on the cell surface of the EBV-positive lymphoblastoid cell line JY induced the release of TNF-α and homotypic aggregation and inhibited JY cell proliferation (45) . However, the differential effects of normal or elevated CD81 on B cells are not yet fully understood due to the lack of a suitable model. For these reasons, in this study, we examined the effects of CD81 overexpression on the survival or apoptosis of EBV-transformed B cells (normal expression vs. overexpression). EBV-infected B cells are known to resist Fas-mediated apoptosis due to defects in the proximal Fas signaling pathway (46) or the expression of the FLICE-inhibitory protein (FLIP) (47) . We also observed that Fas and Fas ligand expression by EBV-transformed B cells was not altered following CD81 stimulation, and that apoptosis induced by CD81 cross-linking was not recovered by treatment of the cells with ZB4 antibody, which blocks Fas-mediated apoptosis (data not shown). Thus, we focused primarily on the mitochondria and ROS to elucidate the mechanisms responbisle for CD81-mediated apoptosis.
In the present study, we found that cross-linking CD81 on EBV-transformed B cells resulted in the immediate generation of ROS, which subsequently disrupted Δψm. However, the precise mechanism of ROS generation remains unclear. ROS modulate cytoskeletal metabolism, intracellular Ca 2+ levels, and influence the mitochondrial membrane directly or indirectly (48) . It has been reported that ROS induce caspase activity, JNK phosphorylation, and even participate in ERK1/2 signaling (33, 49) . These findings are supported by our observations that the ROS quencher, NAC, completely blocked apoptosis and ROS generation and that Z-VAD-fmk, a pan-caspase inhibitor, effectively blocked CD81-mediated apoptosis. In addition, blocking experiments using individual caspase inhibitors (Z-IETD and Z-DEVD) and the results from western blot analysis revealed that CD81 cross-linking induced apoptosis mainly via caspase-3 and partly via caspase-8. These results indicate that CD81 signaling induces the apoptosis of EBV-transformed B cells through a caspase-dependent pathway. A previous study demonstrated that upstream regulators such as JNK, c-Jun, ERK1/2 and Akt transduce signals to members of the Bcl-2 family (33) . However, the engagement of CD81 on human B cells by a combination of HCV E2 and an anti-CD81 mAb triggers the JNK pathway and leads to the preferential proliferation of the naïve B cell subset (28) . Notably, stimulation through the overexpressio of CD81 also induced the phosphorylation of JNK and c-Jun, but repressed the phosphorylation of ERK1/2 and Akt to induce the apoptosis of EBV-transformed B cells. The expression of Bcl-2, regulated by the JNK pathway, was restored in EBV-transformed B cells treated with NAC prior to CD81 stimulation. These results suggest that stimulation of overexpressed CD81 on EBV-transformed B cells may initiate ROS production and activate the apoptotic signaling cascade through a JNK-mediated mitochondrial apoptotic pathway, as well as suppress survival signaling through inhibition of ERK1/2 and Akt phosphorylation.
Taken together, our results suggest that the normal expression of CD81 vs. the overexpression of CD81 has different effects on EBV-infected B cells. HCV is a lymphotrophic and a hepatotrophic virus (50) . This unusual lymphotropism may, at least in part, induce the multiple immune-mediated extrahepatic manifestations of HCV infection, such as MC, the presence of serum rheumatoid factor (RF), and B cell non-Hodgkin lymphoma (9) (10) (11) . However, the persistence of HCV infection results in CD81 overexpression and chronic stimulation of B cells (51) . Our results suggest that CD81 overexpression may induce the eradication of activated B cells producing immunoglobulin against HCV through apoptosis and may eventually lead to malignant transformation and the development of lymphoma by EBV. Our results provide insight into changes in the expression patterns of CD81 and the high prevalence of B cell proliferative disorders, including non-Hodgkin B cell lymphoma in HCV-positive patients. In addition, the results of the present study indicate potential targets for the treatment of EBV infection in HCV-positive patients.
